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Introduction
Marginally valid patents are a prime concern for the patent system. By definition at the edge of patentability, these patents are privately valuable, but socially detrimental. For instance, they may deter competitors from innovating and cause tremendous litigation costs that run in the billions of dollars every year (e.g., Bessen and Meurer, 2012; Hall and Harhoff, 2012; Gaessler et al., 2017) . Following the unprecedented growth in patenting over the past decades, this problem has become increasingly severe de Rassenfosse and Jaffe, 2018) .
To alleviate the negative consequences of marginally valid patents (marginal patents, from here), many patent systems rely on centralized opposition procedures, so called postgrant reviews. In contrast to litigation, which easily generates costs in the millions of dollars per case in the US (Bessen and Meurer, 2005 ; American Intellectual Property Law Association, 2017), post-grant review costs in Europe range between 7,500 and 45,000 euros (MacDougall and Hamer, 2009 ). The European Patent Office (EPO) has been using a postgrant review process for a long time already. In the United States, the America Invents Act of 2011 has established a post-grant review process following the calls of various scholars (e.g. Lemley et al., 2005; Farrell and Shapiro, 2008 ).
For policymakers, the level of stringency during post-grant review is key. The impact of increased stringency on patent quality is theoretically ambiguous. On the one hand, if the invalidation propensity in these processes increases, this may ensure the quality of disclosed ideas as inventors shy away from filing low-quality applications . On the other hand, a higher propensity of invalidation may deter inventors from filing patents for high-quality ideas as well (Galasso and Schankerman, 2018) . Empirical evidence on the consequences of more stringent post-grant review still remains scarce.
In this paper, we analyze how the invalidation of marginal patents during post-grant review influences affected inventors' subsequent supply of ideas to the patent system. We show that following invalidation, affected inventors file fewer patent applications. Our results suggest a disciplinary effect of post-grant review: Invalidation only decreases future applications that search examiners associate with prior art that threatens their novelty or inventive step ("novelty-threatening", from here). This suggests that invalidation deters applications of questionable patentability. Therefore, post-grant review may ensure the quality of patent applications in the long run.
The post-grant review process at the EPO constitutes a unique setting for our analysis. In the first nine months after a patent grant, any third party can challenge the validity of an EPO patent by filing opposition against the decision. Opposition thus occurs early in the patent's lifetime, in contrast to court proceedings previously used for identification 1 (e.g., Schankerman, 2015, 2018) . The post-grant review procedure is relatively inexpensive and is the only centralized possibility to invalidate EPO patents on a transnational level.
1 As a result, with a rate of around 6%, opposition is a frequent event:
Our sample contains around 60,000 inventors first involved in around 30,000 oppositions filed between 1994 and 2010. 2 An "opposition division" comprising three qualified patent examiners decides on the outcome of the opposition proceeding. According to Art. 19(2) EPC, the examiner who granted the patent initially may be part of this committee.
The identification of causal effects of patent invalidation poses an empirical challenge.
For example, an inventor who increasingly targets incremental rather than radical innovation will on average file patent applications of lower quality or of a reduced inventive step, thus increasing the probability of invalidation. At the same time, it is coherent to expect her to apply for a larger number of patents in any given time period in the future.
Thus, any correlation between the loss of patent protection and the propensity to file patent applications does not have a causal interpretation.
We exploit the random allocation of the original examiner to the opposition division as an instrumental variable for the invalidation of opposed patents, as first suggested by Gaessler et al. (2017) . We therefore estimate local average treatment effects: The invalidation coefficients reflect differences in subsequent patenting for inventors whose opposition outcome is shifted by the instrument. The corresponding patents are at the very margin of patentability because the participation of the original examiner in the opposition division alone determines their invalidation. 3 This makes the variation particularly policy relevant as the estimates reflect the impact of marginally shifting the threshold of invalidation during post-grant review on subsequent patent filings. The instrument provides a strong first stage: When the granting examiner is part of the opposition division, the likelihood of invalidation decreases by around 6 percentage points. Importantly, the allocation of examiners to opposition divisions is as good as random. Participation of the original examiner is primarily driven by the availability of other suitable examiners. 4 Besides, neither the patent holder nor the opponent can influence the composition of the opposition division.
Invalidation in opposition could impact subsequent patenting for several reasons. First, losing a patent has been shown to adversely affect firm success, especially for small ventures (Wagner and Cockburn, 2010; Farre-Mensa et al., 2017; Gaule, 2018; Galasso and Schankerman, 2018) . Second, inventors or their firms and patent attorneys may adjust their filing strategy. For instance, patenting could be shifted to substitute authorities such as the national patent offices or the World Intellectual Property Organization (WIPO) to avoid centralized opposition at the EPO. More importantly, inventions could be kept secret instead of being disclosed in a patent application. However, secrecy is differently viable across technology areas (Hall et al., 2014) and may only be a worthwhile alternative to patenting for substantial technological advances, where competitors would learn much from disclosure (Anton and Yao, 2004) . Third, invalidation may serve as a signal at the inventor or the invention level (cf. Azoulay et al., 2015 Azoulay et al., , 2017 . If invalidation is informative about inventor or idea quality, firms may allocate resources towards other inventors or technology areas. 5 Finally, post-grant review may induce learning about the likelihood of opposition or invalidation in opposition, about the screening efforts of competitors, or about the competitive landscape in the respective technology space in general.
We find that in the ten years after patent invalidation, inventors file on average 0.5 or around 20% fewer applications annually than comparable inventors whose patents were also opposed, but not invalidated. The effect starts to materialize around three years after the decision to invalidate the patent. Inventors are 15 percentage points less likely to file for a patent in the decade after invalidation. These effects also appear when using citation-weighted patent applications. We do not observe increases in national patenting or substitution towards the transnational WIPO procedure. We can thus rule out that our findings only reflect shifts to alternative patent application authorities. The decrease in applications after invalidation primarily arises among subsequent patent filings which search examiners associate with novelty-threatening prior art. In EPO search reports, examiners categorize references by whether they challenge the application's novelty or the existence of an inventive step (Harhoff and Wagner, 2009 ). In our data, subsequent patent filings without such novelty-threatening references, if anything, even slightly increase.
We further explore these effects by constructing alternative dependent variables and by analyzing the heterogeneity of effects along technology fields and along inventor and applicant characteristics. First, the effects on patent filings in the same technology area as the invalidated patent are similar to those in other areas. Second, inventors who experience 5 Invalidation may also impact inventor mobility. Melero et al. (2017) show that inventors respond to patent grants by becoming less mobile, especially between firms in the same technology area. Mobility decisions may in turn affect subsequent productivity (Hoisl, 2007 (Hoisl, , 2009 . Similar effects may arise from changes to the inventors' stream of income (Harhoff and Hoisl, 2007; Toivanen and Vaeaenaenen, 2012) following invalidation.
3 an invalidation in their expert area show comparable effects to those with an invalidation outside their central field of expertise. Third, the effects are somewhat more pronounced in "complex" technology fields such as Electrical Engineering, where products are comprised of numerous patentable elements (Cohen et al., 2000) , than in "discrete" fields such as Chemistry. The heterogeneity of effects across fields is however limited. Fourth, using median splits along several applicant characteristics such as the size of the patent portfolio, revenue, and profitability, we do not find significant differences in effect sizes. Fifth, using median splits along several inventor characteristics such as tenure, the number of prior applications, and the prior number of technology areas in which applications were filed, we do not find strong heterogeneities either. If anything, the effects seem to be less pronounced for inventors with fewer prior applications and applications in fewer technology areas.
While we cannot disentangle the underlying mechanisms directly, these results do not support some of the explanations proposed in the literature as potential drivers behind our effects. First, if the effect was a consequence of firm success or exit, heterogeneity across applicant characteristics would be likely. However, we do not find substantial differences across coefficients. Second, if the effect was driven by inventor mobility, a reduced stream of income, or learning about inventor or idea quality, experienced inventors should be less impacted. Yet, if anything, we find that the effect is less pronounced for inventors with few prior applications. Third, if a general shift to secrecy was the driver, the effect would not be concentrated in applications that constitute a minor departure from prior art. While such patents might be valuable as exclusion rights, they should reveal little information to competitors. However, we mainly find a reduction of applications with novelty-threatening references after invalidation. In contrast, a disciplinary effect of invalidation during postgrant review on subsequent patenting based on learning about the likelihood of opposition or invalidation in opposition, about the screening efforts of competitors, or about the competitive landscape in the respective technology space in general seems plausible. This paper contributes to the nascent literature analyzing the impacts of post-grant review. Although these procedures have gained substantial interest, there is little empirical evidence about the consequences of establishing such institutions. Most of the literature has outlined potential costs and benefits theoretically (e.g., . Empirically, Harhoff and Reitzig (2004) show that patents in the EPO's post-grant review system are associated with higher measures of patent value, such as forward citations. 6 Graham and Harhoff (2014) show that for patents that are litigated in the US, the European counterparts are often revoked or amended in the EPO's post-grant process. Overall, there is a lack of empirical evidence as to how post-grant reviews affect innovation.
This paper also contributes to an emerging literature investigating the impact of patent 6 Love et al. (2018) analyze the determinants of invalidation in the US post-grant review system. 4 invalidation on subsequent innovation and productivity, which has so far mostly focused on firm outcomes. Galasso and Schankerman (2018) use the random allocation of judges to committees deciding on the invalidation of patents to find that small firms decrease their inventive activity in response to an invalidation. Gaule (2018) and Farre-Mensa et al. (2017) use prior examiner leniency and find that venture-capital backed start-ups fare substantially better when being granted a patent. 7 Implications of patent grants for firms' follow-on innovation, firm behavior, and firm success have thus been studied to some extent. From an innovation viewpoint, it is however important to know whether inventors stop patenting altogether or whether they just continue inventing for other companies. 8 In light of this, it is surprising just how little is known about whether and how patents affect the performance of individual inventors. To the best of our knowledge, we are the first to show that patent invalidation affects the subsequent patent filings of individual inventors.
In summary, this paper contributes to a better understanding of the consequences of the patent system's institutions: Invalidation in post-grant review may help to ensure the quality of patent applications in the long run.
Setup, Data, and Empirical Strategy
In this section, we describe the empirical setting of our study, the patent opposition procedure at the EPO. We then describe our panel data set of inventors, which comprises the ten years before and after an inventor's first opposition procedure. Finally, we outline our instrumental variables strategy.
Patent Opposition at the EPO
The EPO provides a harmonized application procedure for patent protection in one or more member states of the European Patent Convention (EPC). 9 Patent applications granted by the EPO disperse into a bundle of national patent rights, each entering the patent system of the respective member state. Thus, the invalidation of a national patent through litigation in one country's courts has no effect on its counterparts in other countries. However, in the first nine months after grant, third parties can challenge the validity of a European patent issued by the EPO by filing an opposition against the granting decision. The centralized 7 There is an ongoing discussion about the identifying assumption behind using patent examiner leniency for identification (cf. Sampat and Williams, 2019; Righi and Simcoe, 2019) .
8 The relevance of inventor-level output is corroborated by the recent finding that firm heterogeneity only explains around 3-5% of the variance in inventors' patenting performance. In contrast, inventor fixed effects explain 23-29% of innovative performance, with inventor productivity being highly correlated over time (Bhaskarabhatla et al., 2017) . 9 This section is shortened from Gaessler et al. (2017) . is a frequent event. In total, around 6% of all granted patents are opposed before the EPO. Constructing a sample based on oppositions thus compares favorably with similar, more selective litigation setups such as the one by Schankerman (2015, 2018) . Oppositions may be filed by any party (except the patent holder herself) on the grounds that the subject matter is not new or inventive, that the invention is not sufficiently disclosed, or that the granted patent extends beyond the content of the application as filed.
Consisting of three technically qualified examiners, the appointed "opposition division" has to decide whether the raised objections compromise the maintenance of the patent. 11 Typically, an oral proceeding before the opposition division is an integral part of opposition procedures, although being optional and dependent on a request. The opposition division usually states its decision verbally at the end of the oral proceeding. 12 Thus, the decision of the opposition division is not known to the parties until the day of the oral hearing. The conclusion of an opposition procedure is either the rejection of the opposition and hence the maintenance of the patent as is, the maintenance of the patent in amended form, or the invalidation of the patent in its entirety. Patent applicants and/or opponents may appeal against the decision of the opposition division. 13 Withdrawal statements can be made at any stage prior to the decision, but do not necessarily terminate the opposition proceedings.
The opposition division has the option to continue the proceeding on its own motion (EPC Rule 84) and to make a decision on the patent's validity based on the grounds of opposition previously stated. Since the opposed patent may still end up being invalidated, settlements between opponent and patent holder are relatively rare events. More than 85% of all oppositions conclude with a decision by the opposition division. Since there are few settlements, almost all outcomes can be observed.
14
The opposition division consists of a first examiner, a minute writer, and a chairman. The director of the patent's technical art unit appoints the members of the opposition division under consideration of the technical qualifications relevant to the patent. 15 As substantive examiners with the necessary technical qualification, the members of the examination division are natural candidates for the opposition division. 16 Concerning the participation of the grant examiners in the opposition proceeding, Article 19(2) of the European Patent
Convention states that at least two of the members of the opposition division must not have taken part in the original examination and that the original examiner may not be the chairman of the opposition division. Gaessler et al. (2017) show that the primary examiner frequently participates in the opposition proceeding of the same patent. Case law has established that patent holder and opponent cannot object to the director's decision regarding the appointment of a particular examiner to the opposition division. 
Data and Summary Statistics
We build a panel data set of opposed inventors' patenting activity using the European Patent
Office's 2018 spring release of PATSTAT. Our panel of individual inventors covers 10 years before and after their first opposition decision at the EPO. Because we observe the universe of patent applications, we assign a value of zero patents to years in which inventors do not appear in the data. We identify inventors in two separate ways: (a) by their doc_std_name, 13 The involvement of the opposition division ends after the opposition phase. Appeal proceedings are heard by judges forming the Boards of Appeal, a separate and independent decision-making body within the EPO.
14 The remainder consists predominantly of cases where the patent holder abandons the patent prior to the decision. 15 The opposition division may be enlarged to a fourth member with a legal background, if there are complex legal questions to be resolved. 16 The entire examination division regularly consists of the previous search examiner as first member and two examiners appointed by the director as second member and chairman. 17 The opposition division's decision can in principle be appealed on the ground of suspected lack of impartiality among the division members. However, there are only very few cases where this has occurred (see Gaessler et al. 2017). correcting obvious errors using string similarity metrics, and (b) using the disambiguation provided by Morrison et al. (2017) for robustness. For our primary dataset, we obtain information on 65,415 inventors associated with 29,009 first oppositions filed between 1994 and 2010. Our data on oppositions is largely based on Gaessler et al. (2017) . They construct a sample of all patents granted between 1993 and 2011 that became subject to an opposition by drawing on several distinct patent data sources. For each patent granted by the EPO, they first observe in the EPO PATSTAT Register database whether an opposition was filed within the statutory period of nine months after the grant date. They subsequently extract opposition outcomes and the names of the examination and the opposition division members. For full information on the data construction process of the instrumental variable, see Gaessler et al. (2017) .
Our main dependent variable is the number of patent applications that inventors file. 18 We further construct a dummy variable indicating whether inventors patent in a given year and compute the log of the number of patent applications in our main analysis to account for outliers. 19 We also provide evidence on the impact of patent invalidation on the quality of subsequent patent applications. To this end, we use citation-weighted patent applications.
We additionally distinguish subsequent patents with and without novelty-threatening prior art, as indicated by so-called X-, Y-, and E-references in the EPO search reports. The reports classify prior art by their relevance for the patentability of the focal application.
Simply put, applications with X-, Y-, or E-references can be thought of as patents of lower quality, in the sense that their patentability is questionable: According to the EPO's examination guidelines (EPO, 2017), X-references indicate prior documents that are "such that when taken alone, a claimed invention cannot be considered novel or cannot be considered to involve an inventive step". Analogously, category Y indicates threats to patentability due to a combination of prior documents. Finally, category E labels prior patent documents that may conflict with the application, but were not disclosed at the time of filing. 20 This detailed information about the content of patent applications is an important advantage of using EPO data over data from other jurisdictions that do not contain reference types: We have an additional and interesting measure for the quality of subsequent patent filings.
The decision of the opposition division may have three mutually exclusive results for the opposed patent: "opposition rejected" (patent valid as is), "valid in amended form", and 18 Throughout the paper, we construct all variables on the patent family level instead of using single patent applications. 19 In addition, we distinguish subsequent applications by their technology area (same vs. different area than the invalidated patent) and split the sample by whether the invalidation occurred in the inventor's field of expertise (defined as the area in which she has filed most patents prior to her first opposition outcome). Besides, we analyze whether there has been a shift to national patenting or to WIPO applications.
20 While the latter category is different in that the applicant could not have known this prior art from patent documents, in practice there are very few such references. We include this category because we believe this still reflects patents that are low-quality in the sense that their patentability is threatened. Notes: p10, p50 and p90 denote the 10th, 50th and 90th percentile, respectively. For indicator variables only the mean is shown. For the number of applications, (non-) XYE-referenced applications, citation weighted applications, co-inventors, and technology areas, inventor means are calculated over relative years prior to opposition outcome. The number of citation weighted applications counts the forward citations in a 5-year window after application filing, accumulated over all applications of the inventor in the given year relative to opposition outcome. It is shown for fewer inventors, since inventor-years are excluded for which the full 5-year citation window is not observable and inventors are only included in the panel regressions if they appear in at least five post periods. 1(Invalidated in opposition) denotes the endogenous variable of interest, 1(Examiner on opposition board) is the corresponding instrumental variable for examiner participation. Applications are counted on the DOCDB family level.
"invalid". Following the prior literature Schankerman, 2015, 2018; Gaessler et al., 2017) , we classify the outcomes "invalid" and "valid in amended form" as an invalidation. 21 Following Gaessler et al. (2017) , we construct our analysis around the first decision of the opposition division, not the final outcome of a potential appeal.
22 Table 1 shows the summary statistics of our sample. The upper panel shows descriptive statistics on the inventor level. At the date of the opposition outcome, the mean inventor in our data has been patenting at the EPO for more than ten years, filing a yearly average of 0.6 applications in 0.4 technology areas and working with 1.6 co-inventors per year.
Inventors in opposition are therefore among the more productive. For over three quarters of inventors we observe the first opposition in the technology area they are most active in, which we refer to as the inventor's "expert area". The bottom panel contains descriptive statistics on the level of the opposed application. In over two thirds of oppositions, the original examiner is in the opposition division. Around 70 percent of opposed patents are invalidated during the proceeding. The average DOCDB patent family comprises around 10 applications, the mean application filing year is 1996. The year of the first outcome of the opposition is 2004 on average, reflecting an average time period of around 7-8 years between application and opposition outcomes.
We additionally retrieve data on financial characteristics and on the size of applicant firms from Bureau van Dijk's Orbis database by matching to the assignees of the opposed patents in our sample. We use leverage, profitability, and R&D intensity to explore effect heterogeneity along applicant financial characteristics in Tables E-1 and E-2. They are defined as total liabilities per total assets, EBITDA per total assets, and R&D expenses per total assets, respectively. As proxies for firm size, we extract the number of employees and revenues. Revenues are deflated by the US GDP deflator provided in the World Bank's World Development Indicators database.
Econometric Specification
We are interested in the impacts of patent invalidation on affected inventors' subsequent supply of ideas to the patent system. To assess these, we estimate the following main specification:
where y i,t is the outcome under consideration of inventor i in year t relative to opposition outcome. Invalidated i,t is the dummy variable indicating that the inventor's patent has been invalidated prior to year t relative to the opposition outcome, a It is difficult to empirically assess the effects of patent invalidation on affected inventors' subsequent patent filings. On the one hand, if some inventors' work becomes more "incre-mental" over time, then this will both increase the likelihood of invalidation and the number of subsequent applications. In this case, the coefficient reflecting the impact of invalidation on future patenting would be positively biased, even when accounting for inventor fixed effects. On the other hand, if patent quality decreases over time because inventors become less creative (e.g., due to fishing out of ideas or inventor age; see Jones, 2010) , then a higher likelihood of invalidation may be correlated with a lower level of future patenting.
In this case, the estimated impact would be negatively biased. Thus, any correlation between patent invalidation and the inventor's application propensity does not have a causal interpretation, with unclear direction of bias.
Our econometric setup therefore leverages the presence of the original examiner in the opposition division as an instrumental variable. The presence of the original examiner in the opposition division is a suitable instrument if it predicts the invalidation of the opposed patent (i.e., if it is relevant) and if it is orthogonal to future patenting of the opposed patent's inventors (i.e., if it is exogenous). The relevance condition is directly testable in our data.
In the instrument's first stage, we estimate the following equation:
where i denotes the inventor index, t the index for the year relative to the opposition outcome, and a t the corresponding year effects. t af is the year of application filing relative to opposition outcome and b t−t af are the corresponding year effects. 23 Table 2 demonstrates that the original examiner's participation in the opposition division significantly decreases the opposed patent's likelihood of invalidation by around 4-7 percentage points.
This corresponds to decrease of about 10% relative to the average rate of invalidation.
Heteroskedasticity-robust first stage F -statistics are substantially above the common thresholds for weak instruments (Kleibergen and Paap (2006) Wald F = 77.5). Thus, the instrument meets the relevance condition.
The exogeneity condition is by definition untestable. However, there are a number of reasons why we believe that it holds. First and most importantly, the presence of the original examiner in the opposition division is mostly driven by the availability of other potential members with expertise in the particular technology. Thus, staffing at the EPO seems to be the primary driver of the original examiners' participation in the opposition division. (1) and (2) show OLS-regressions on the opposition level of the indicator for invalidation on the examiner participation instrumental variable. Column (3) displays the results of an analogous OLSregression on the inventor level. In Columns (2) and (3), year effects for the filing of the opposed application and for the first outcome of the opposition proceeding are included as controls. Column (4) shows a fixedeffects regression on the first-opposition inventor-panel. Due to inventor fixed effects, application filing year and opposition outcome year effects need not explicitly be controlled for. The post period is defined as the time window from 0 to 10 years after opposition. The standard errors reported in columns (1) and (2) are robust to heteroskedasticity, the standard errors in columns (3) and (4) are clustered at the opposition level.
sition division decreased substantially. 24 Second, the associated parties do not know the composition of the opposition division until the oral proceedings, i.e., the day of the decision on the opposition outcome. Therefore, lobbying in some direction is difficult. Third, attributes of the opposed application or the inventor have no explanatory power for examiner participation in our data: Table C -2 in the appendix shows that conditional on grant year, outcome year, and technology fixed effects, examiner participation in the opposition division is unrelated to a number of important application and inventor characteristics.
In summary, the participation of the original examiner in the opposition division is likely exogenous to the patenting activity of inventors. Our estimates can be interpreted as causal if conditional on inventor fixed effects and time period specific effects, the allocation of original patent examiners to the opposition division is exogenous to the productivity of inventors. For the reasons outlined above, we believe this assumption holds.
Results and Discussion
In this section, we present and discuss our results. We start by providing evidence on the impact of patent invalidation on future patent applications of affected inventors. In this context, we also test for substitution of patenting to other authorities. We then assess the impact of invalidation on the quality of these applications. Subsequently, we investigate changes in the direction of patenting activities by using alternative dependent variables.
Finally, we assess the heterogeneity of our results through splits by applicant and inventor characteristics. In each case, we discuss in how far our results are compatible with potential underlying mechanisms. Table 3 displays the regression results of the impacts of invalidation on subsequent patenting. Without instrumenting the invalidation decision, Column (1) shows the partial correlation of patent invalidation and the number of subsequent patent applications. The inventor fixed effects regression returns a negative, significant coefficient of patent invalidation.
Patent Counts
Because of the potential endogeneity of the invalidation decision, we use the examiner participation instrumental variable in all subsequent columns. In a first step, Column (2) shows the reduced form coefficient: The presence of the original examiner (lower likelihood of invalidation) increases subsequent patent applications. Figure 2 shows this result in a time series of inventor productivity, split by whether the original examiner of the patent Table 2 ). Shaded areas indicate 90% confidence intervals around the mean.
participates in the opposition division. Absence of the examiner is associated with a higher likelihood of invalidation. In line with our identification assumption, in the years leading up to the outcome of opposition, we find no visible differences in the average number of patent applications. After the outcome, however, inventors with participating examiners are relatively more productive. This effect starts around three years after the opposition outcome.
Column (3) of Table 3 presents the instrumented coefficient of invalidation of our preferred specification. It shows that the magnitude of the effect is substantial: On average, the local average treatment effect implies that inventors file half a patent less per year.
The sizeable difference to the coefficient in Column (1) indicates that the main source of endogeneity is time-varying and cannot be controlled for by individual fixed effects. This is in line with the findings of Schankerman (2015, 2018) and indicates that inventors may indeed file more applications over time, which are however also more likely to be invalidated if in opposition.
Column (4) shows that our results are robust to using the log number of applications to account for the skewness of the dependent variable. Following invalidation due to examiner (6) and (7) display the effect on the number of patent families, which do not contain an EPO application. First, in Column (6), only patent families are counted, which contain a national application in a European country, but do not contain EPO or WIPO applications. Second, in Column (7), only patent families are counted, which contain at least one WIPO application, but no EPO application. For Columns (6) and (7), we have used the same set of inventors as in the preceding columns. If we restrict the sample to inventors who have at least one "national" or at least one "WIPO" patent family in our sampling period, we find qualitatively similar results. All variables are counted on the DOCDB family level. The post period is defined as the time window from 0 to 10 years after opposition. Standard errors are clustered at the opposition level.
The underidentification and weak identification tests are the heteroskedasticity-robust Kleibergen and Paap (2006) rk LM and Wald F statistics, respectively, as reported by the xtivreg2 Stata command (Schaffer, 2010) . For an analogous table using the Morrison et al. (2017) inventor disambiguation, see (non-)participation, inventors file around 20% fewer patents. To get a sense of whether the productivity effects are driven by the extensive or the intensive margin, Column (5) shows the effect on the probability of filing a patent application at all in a given year. Having a patent invalidated in opposition reduces the likelihood of subsequently filing a patent by 15 percentage points.
In principle, the decrease in patent applications after invalidation could be independent of innovative activities and merely reflect a change in filing strategies. Inventors, their firms, or their patent attorneys could steer patenting away from the EPO and instead patent directly at the desired national patent offices, avoiding a potential centralized opposition procedure. To investigate this channel, Column (6) uses the number of patent families with (European) national patent applications as the dependent variable (not counting patent families that contain EPO or WIPO applications). We find no change in national patenting.
Alternatively, innovators could substitute EPO patenting with WIPO's centralized application procedure. To investigate this possibility, the dependent variable in Column (7) counts patent families containing a WIPO, but no EPO application. While the point estimate is positive, it is not significantly different from zero. Besides, its magnitude is substantially smaller than our main effects. Our results therefore reflect an actual decrease in patent filings rather than a shift to substitute patent authorities.
In the appendix, we show that our main productivity results are robust to excluding outliers (such as the top 5% of inventors with respect to prior filings and technology areas)
and to restricting the sample to inventors who patent both before and after the opposition outcome (Table C-1). In Table D -1, we also show that our results are unaffected by using the alternative inventor disambiguation by Morrison et al. (2017) . Finally, in Tables D-2 and D-3 we show that findings are very similar for European and non-European inventors.
We next investigate the dynamic effects of invalidation in Figure 3 . Sign. levels
Parameter estimate (95% confidence interval)
Notes: Coefficient estimates of invalidation for year pairs relative to opposition outcome from an instrumental variable (2SLS) fixed effects regression on (inventor, year relative to opposition outcome)-level using Schaffer (2010) . In Panel (a), the dependent variable is the dummy variable y i t = 1(N App,i t > 0), indicating whether inventor i has filed a patent application in period t. In Panel (b), the dependent variable y i t = N app,i t counts the number of applications on DOCDB family level which inventor i has filed in period t. The corresponding specification is given by y i t = ∑ 5 τ=−5,τ̸ =0 β 2τ 1(Invalidated i ) 1(t = 2τ | t = 2τ−1)+ a t + b t−t af + c i +ε i t . i and t are the indices for the inventor and the year relative to opposition outcome, respectively; fixed effects are described in the main text. The interactions are instrumented with z Given that we instrument invalidation by the presence of the original examiner in the opposition division, our estimates reflect local average treatment effects. To explore whether compliers differ from the overall population of patents in opposition, in Appendix B we follow Angrist and Pischke (2009) and document the relative incidence of certain applicant and inventor characteristics among compliers. Note that in our context, compliers are inventors whose application was invalidated because the original patent examiner did not participate in the opposition division. Table B-1 shows the complier share, which lies at around 7% on average. Table B -2 examines the characteristics of complier applications relative to the general population of patents in opposition. On average, applications whose opposition outcome changes with the examiner's presence in the opposition division are less likely to have more than two inventors and to receive above median citations. Their family size is larger, but this is at the margin of statistical significance. Table B-3 conducts an analogous comparison for inventor characteristics. Inventors of complier patents are more likely to have below median tenure and to have filed patents in a lower number of technology areas before the invalidation. They have also filed fewer patents before the opposition, but the difference is insignificant. In summary, however, complier patents do not differ substantially from the average patent in opposition.
Patent Quality
While the effects on the number of patent applications are interesting in their own regard, a goal of post-grant review systems is to increase the quality of applications to the patent system. An assessment of the consequences of invalidations in opposition therefore critically depends on the impact on patent quality. To this end, we explore the effect on different proxies for patent quality in Table 4 . We first split the dependent variable by whether subsequent applications are linked to novelty-threatening prior art through an X-, Y-, or Ereference in the EPO examiner's search report. The first column shows that the number of patent applications containing such references decreases significantly and that the effect is even stronger than the baseline estimate. In contrast, Column (2) shows that the number of patent applications which do not contain such references even slightly increases. Column (3) uses a standard measure of patent quality by weighting applications with forward citations received in a five-year window after filing. The effect is significantly negative.
Column (4) repeats this exercise counting citations only for those subsequent applications that do not contain X-, Y-, or E-references. Here, we do not find a statistically significant effect, and the point estimate is negative.
Overall, this table shows that while invalidation in opposition decreases subsequent patent filings, this effect is driven by a decrease in applications with novelty-threatening Notes: Column (1) shows the causal effect of invalidation on the number of applications which receive an X-, Y-, or E-reference in the EPO examiner's search report. Such references are indicative of potentially novelty destroying prior art and hence constitute a proxy for subsequent failure to receive a patent grant. Column (2) presents regression results for the number of applications which do not receive such a reference. While the number of XYE-cited applications significantly decreases, the number of patent families, which are more likely to receive a grant, increases. Column (3) displays the effect on the number applications weighted by the forward citations they receive in a five-year window after filing. Column (4) uses the number of non-XYEcited applications, weighted by the five-year forward citation number, as the dependent variable. The citationweighted variables in Column (3) and (4) are winsorized at the 99th percentile to mitigate noise introduced by outliers. Without winsorizing, we obtain coefficients of very similar magnitude, but larger standard errors. To allow for a full observation of the citation window, the sample is truncated five years earlier, resulting in fewer observations. All variables are counted on the DOCDB family level. The post period is defined as the time window from 0 to 10 years after opposition. Standard errors are clustered at the opposition level. The underidentification and weak identification tests are the heteroskedasticity-robust Kleibergen and Paap (2006) rk LM and Wald F statistics, respectively, as reported by the xtivreg2 Stata command (Schaffer, 2010). prior art. This sheds a favorable light on the opposition procedure at the EPO: Following an invalidation, inventors decrease applications that are at risk of being invalidated because of a lack of novelty or the absence of an inventive step. This finding is in line with a positive impact of invalidation in opposition on the average quality of subsequent filings.
The effects for non-XYE-referenced applications are ambiguous, given that the number of such applications increases significantly while we do not find a positive impact on their forward-citations.
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In principle, shifts from patenting to secrecy could be driving our results, since private incentives for nondisclosure may differ for applications at the margin of patentability.
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Generally, firms and inventors will prefer to keep inventions secret if the expected benefit from filing compares unfavorably with disclosure and the risk of invalidation. Applications with X, Y, or E search report references are likely less novel and insightful than the average patent (Harhoff and Wagner, 2009 ). On the one hand, they will thus be subject to a higher risk of invalidation. On the other hand, filing such applications will reveal little technological information to competitors. Besides, as a signal about future firm strategy they should not be more informative than the average patent application. Hence, secrecy should be more attractive for inventions that constitute a substantial technical advance (cf. Anton and Yao, 2004; Zaby, 2010) . Given that the decrease after invalidation is concentrated in applications of questionable novelty, it seems implausible that a shift to secrecy is the main driver of the effect.
From a welfare perspective, decreases in disclosure matter, given that enhancing knowledge transfer is one of the core intended benefits of the patent system (Williams, 2017) . In view of the decrease in forward-citation-weighted applications, this might be of particular concern. However, given that the decrease in forward citations is driven by applications of uncertain novelty, the observed forward citation patterns might reflect a replacement effect:
Subsequent applications could have also referred to closely related precedent work instead of the non-novel application itself. In such a case, decreases in disclosure might not be a first-order concern.
Direction of Patenting
In Table 5 , we explore in how far our results can be explained by changes to the direction of patenting. Inventors may shift their efforts to other technology areas in response to an invalidation. Inventors could also only frame their patents differently to steer applications to examiners from other EPO technology units. In Columns (1) and (2) of Table 5 we split subsequent patent applications by whether they were filed in the same area than the invalidated patent or another area. We find similar effects for both. Galasso and Schankerman (2018) find that after an invalidation of litigated patents, firms decrease patenting especially when the invalidated patent was in their core technology area. In Columns (3) and (4) we thus split our sample by whether the invalidation occurred (1) and (2) present the effect of invalidation on the number of applications in the same and other technology areas as the opposed patent, respectively. Column (3) shows the invalidation effect for inventors who experience their first opposition outside their area of expertise, i.e., outside the area in which they have filed most patents prior to opposition outcome. Columns (4)- (6) show the effect for the complimentary subsample of inventors whose first opposition is in their expert technology area. Column (4) presents the effect on the all applications, Columns (5) and (6) present the effects on applications in the same and other areas as the opposed patent, respectively. All variables are counted on the DOCDB family level. The post period is defined as the time window from 0 to 10 years after opposition. Standard errors are clustered at the opposition level. The underidentification and weak identification tests are the heteroskedasticity-robust Kleibergen and Paap (2006) rk LM and Wald F statistics, respectively, as reported by the xtivreg2 Stata command (Schaffer, 2010) .
in the inventor's expert technology area. We find very similar effects for both, although the estimates are imprecise when the invalidation occurs in a different area than the inventor's expert technology. In line with the findings of Galasso and Schankerman (2018) , the effects for invalidations in the expert area are mostly attributable to fewer filings in the same technology area (Column 5), which is also where most filings occur. However, we also find significant effects for subsequent applications in other areas (Column 6).
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Finally, we also analyze the heterogeneity of our results with respect to the field of the invalidated patent. Figure 4 shows these estimates as well as our baseline result. The effects are somewhat more pronounced and statistically significant for "complex" fields such as Electrical Engineering, in which products are comprised of numerous separately patentable elements (Cohen et al., 2000) . In "discrete" fields such as Chemistry, where products are comprised of a single or few patentable elements, the effects are weaker than the main impact and statistically insignificant. However, confidence bounds generally overlap, such that the heterogeneity of effects with respect to the field of the invalidated patent seems weak.
Applicant and Inventor Heterogeneity
To assess the heterogeneity of the invalidation effect on subsequent patent filings, we split our samples by applicant and inventor characteristics. Figure 5 shows how results differ with respect to patent applicants. As can be seen from the figure, the confidence bounds of all subsamples overlap with the point estimate of the overall sample. If anything, those firms with above median patent applications per employee are less affected than those below the median, unlike in Galasso and Schankerman (2018) . An absence of substantial effect heterogeneity along applicant characteristics would be surprising if the impact of invalidation on subsequent filing behavior was a function of the effect on the firm. Therefore, explanations proposed in the literature, such as impacts on firm survival (Farre-Mensa Schaffer (2010) . The baseline regression on the full sample is shown in gray, together with a dashed line for the ease of comparison. Pairs of blue and orange markers indicate coefficients in complementary subsamples. For each pair, the sample is split at the median of an applicant characteristic: the prior number of applications, the number of employees, the number of applications per employee, revenue (deflated), leverage (defined as total liabilities over total assets), and profitability (defined as ebitda over total assets). The dependent variable is in each case y i t = N App,i t . Error bars indicate the respective coefficient's 95% confidence interval. For the corresponding regression table, see Table E -1 in the online appendix. Gaule, 2018) , are unlikely to drive our effects.
28 However, our results complement the finding that firm heterogeneity only accounts for around 3-5% of the variance in inventors' innovative performance (Bhaskarabhatla et al., 2017) .
In addition to applicant characteristics, we explore the invalidation effect's heterogeneity with respect to inventor characteristics. Figure 6 displays the results of this exercise.
Here, differences between subsamples are somewhat more pronounced. Inventors with a below median number of patent filings before the opposition are less impacted than those with above median applications. Analogously, those who filed patents in a below median number of technology areas before the opposition are less affected by an invalidation. Con- Figure 5 , but using inventor instead of applicant characteristics. The IV FE coefficient of 1(Invalidated i ) 1(Post t ) is shown for the full sample (gray, dashed gray line), and for sample splits by inventor origin, tenure, number of applications, number of applications in the same technology area as the opposed patent, co-inventor patenting experience, number of technology areas in prior applications, and by whether the opposition occurred in the inventor's area of expertise, i.e., the area in which she has filed most patents prior to opposition outcome. The dependent variable is in each case y i t = N App,i t . Error bars indicate the respective coefficient's 95% confidence interval. For the corresponding regression table, see Table E-2 in the  online appendix. sistently, those having below median tenure (defined as the time since their first patent application) are less impacted as well, even though this difference is smaller. These results do not support explanations proposed in the literature, such as inventors receiving information about the quality of their ideas (Chan et al., 2014; Azoulay et al., 2015 Azoulay et al., , 2017 , changes in inventor income streams (Harhoff and Hoisl, 2007; Toivanen and Vaeaenaenen, 2012) , or other impacts on inventor careers such as labor mobility (Melero et al., 2017) . If any of these explanations were true, we would expect larger effects for young and inexperienced inventors who are still uncertain about their productivity and who still have their careers ahead of them. However, if anything, our results point towards these inventors being less affected by invalidations.
Conclusion
We study the impact of patent invalidation during post-grant review on affected inventors' subsequent patenting. In this context, patent opposition at the European Patent Office provides a unique setting for causal identification. It is inexpensive and frequent, rendering our sample much less selective than those in previous work. In addition, the rich EPO data allows us to study responses in more detail. To identify causal effects, we leverage the random participation of the patent's original examiner in the opposition division as an instrumental variable for invalidation. The presence of original examiners decreases the likelihood of invalidation and is largely driven by the availability of other qualified personnel at the EPO.
Our results show that inventors file fewer patents in response to an invalidation. Invalidation in particular decreases subsequent applications associated with novelty-threatening prior art. It thus appears unlikely that a shift towards secrecy fully explains the results.
Neither is the effect driven by patenting shifts to national authorities or the WIPO. These findings apply broadly throughout our sample, without strong heterogeneities along fields or along inventor or applicant characteristics. Being one of the first to provide evidence on the consequences of patent invalidation for individual inventors, this paper complements recent research by Galasso and Schankerman (2018) .
Importantly, this paper contributes to understanding the consequences of post-grant review. Despite having gained substantial interest, empirical evidence on the impacts of opposition procedures remains scarce. While invalidations in opposition seem to decrease the quantity of inventors' subsequent applications, we find that the effect is concentrated in low-quality filings. From this angle, post-grant review at the EPO appears to benefit the patent system. Notes: This table shows the share of complier patents in the full sample, P(Complier), the share among invalidated patents, P(Complier | Invalidated), and the share among non-invalidated patents, P(Complier | Not Inv.), on the opposition and the inventor level. In both cases, the population share of compliers lies at around 7%, which is comprised of a share of 3% for invalidated patents and 16-17% for non-invalidated patents. Notes: This table explores in how far the complier subpopulation differs from the full sample of opposed patents with respect to a series of patent characteristics. Since the underlying calculation relies on characteristics being binary, count variables are split at their median indicated in the first column. The second column indicates the number of opposed applications included in our baseline sample. The third column displays the share E[x] = P(x = 1) of patents with x = 1 in the entire population, the fourth column displays the corresponding share E[x | complier] among complier patents. The fifth column shows the relative likelihood that complier patents have the binary characteristic x indicated on the left. The corresponding robust standard errors shown in parantheses are derived using seemingly unrelated estimation. The p-values corresponding to a test of whether this ratio equals one are presented in the last column. On a 10% level, we find significantly smaller shares of complier patents with more than one applicant, with more than two inventors and with more than two citations in a five-year window after filing. Compliers are defined as described above. Notes: Analogous to the application-level analysis in Table B -2, this table explores in how far the complier inventor subpopulation differs from the full sample of first-opposition inventors with respect to a series of inventor characteristics (cf first column). The second column shows the number of inventors included in our baseline sample. On a 10% level, we find that significantly smaller shares of complier inventors with tenure above 9 years and with prior patenting in more than two technology areas. Standard errors indicated in parantheses are clustered on the opposition level. indicates the number of technology areas, in which an inventor has filed applications prior to opposition outcome. "App pre/post" indicates the subsample of inventors with applications in the pre or the post period (almost the full sample), "App pre+post" indicates the subsample of inventors with applications in both the pre and the post period (intensive margin). All variables are counted on the DOCDB family level. The post period is defined as the time window from 0 to 10 years after opposition. Standard errors are clustered at the opposition level. The underidentification and weak identification tests are the heteroskedasticity-robust Kleibergen and Paap (2006) rk LM and Wald F statistics, respectively, as reported by the xtivreg2 Stata command (Schaffer, 2010) . Notes: Regression of the instrumental variable 1(Examiner participation) on different application (Column 1) and inventor (Column 2) characteristics. Column (3) shows the regression on both application and inventor characteristics. Standard errors reported in parantheses are heteroskedasticity-robust in Column (1) and clustered on the opposition level in Columns (2) and (3). (6) and (7) of Table 3 can not be shown here. All variables are counted on the DOCDB family level. The post period is defined as the time window from 0 to 10 years after opposition. Standard errors are clustered at the opposition level. The underidentification and weak identification tests are the heteroskedasticity-robust Kleibergen and Paap (2006) rk LM and Wald F statistics, respectively, as reported by the xtivreg2 Stata command (Schaffer, 2010) . 
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Estimation method (3)- (5) use the same IV FE estimator for different functional forms of the dependent variable: a linear-, a log-and an indicator variable specification. To test whether the reduction is driven by a shift to national or transnational patenting, Columns (6) and (7) display the effect on the number of patent families, which do not contain an EPO application. First, in Column (6), only patent families are counted, which contain a national application in a European country, but do not contain EPO or WIPO applications. Second, in Column (7), only patent families are counted, which contain at least one WIPO application, but no EPO application. For Columns (6) and (7), we have used the same set of inventors as in the preceding columns. If we restrict the sample to inventors who have at least one "national" or at least one "WIPO" patent family in our sampling period, we find qualitatively similar results. All variables are counted on the DOCDB family level. The post period is defined as the time window from 0 to 10 years after opposition. Standard errors are clustered at the opposition level. The underidentification and weak identification tests are the heteroskedasticity-robust Kleibergen and Paap (2006) rk LM and Wald F statistics, respectively, as reported by the xtivreg2 Stata command (Schaffer, 2010) . 
Estimation method (3)- (5) use the same IV FE estimator for different functional forms of the dependent variable: a linear-, a log-and an indicator variable specification. To test whether the reduction is driven by a shift to national or transnational patenting, Columns (6) and (7) display the effect on the number of patent families, which do not contain an EPO application. First, in Column (6), only patent families are counted, which contain a national application in a European country, but do not contain EPO or WIPO applications. Second, in Column (7), only patent families are counted, which contain at least one WIPO application, but no EPO application. For Columns (6) and (7), we have used the same set of inventors as in the preceding columns. If we restrict the sample to inventors who have at least one "national" or at least one "WIPO" patent family in our sampling period, we find qualitatively similar results. All variables are counted on the DOCDB family level. The post period is defined as the time window from 0 to 10 years after opposition. Standard errors are clustered at the opposition level. The underidentification and weak identification tests are the heteroskedasticity-robust Kleibergen and Paap (2006) rk LM and Wald F statistics, respectively, as reported by the xtivreg2 Stata command (Schaffer, 2010) .
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E Appendix: Tables -Effect Heterogeneity -For Online Publication 
(8) Figure  5 , displaying heterogeneity of the invalidation effect for sample splits by applicant characteristics. All columns present results from instrumental variable (2SLS) fixed effects regressions on (inventor, year relative to opposition outcome)-level. Column (1) indicates the coefficient of 1(Invalidated) × 1(Post) for the full sample. Columns (2)- (15) show the coefficients for the subsamples split by the applicant's patent portfolio, number of employees, number of patent applications per employee, revenue (deflated), leverage (defined as total liabilities over total assets), and profitability (defined as ebitda over total assets). In each case, the sample is split at the median of the respective variable. All variables are counted on the DOCDB family level. The post period is defined as the time window from 0 to 10 years after opposition. Standard errors are clustered at the opposition level. The underidentification and weak identification tests are the heteroskedasticity-robust Kleibergen and Paap (2006) rk LM and Wald F statistics, respectively, as reported by the xtivreg2 Stata command (Schaffer, 2010) . 
(8)
(10)
(15) Figure  6 , displaying heterogeneity of the invalidation effect for sample splits by inventor characteristics. All columns present results from instrumental variable (2SLS) fixed effects regressions on (inventor, year relative to opposition outcome)-level. Columns (1)-(16) display the coefficients for the subsamples split by inventor origin, by tenure, i.e., by the time since the first EPO application, by the number of applications prior to opposition outcome, by the number of applications in the same area as the opposed patent, by the number of applications of the inventor's coauthors, by the number technology areas in prior filings, by whether the opposed patent lists multiple inventors, and by whether the opposed patent falls into the inventors technology area of expertise, i.e., the area in which she has filed most patents prior to opposition outcome. For the continuous and the count variables, the sample is split at the respective median. All variables are counted on the DOCDB family level. The post period is defined as the time window from 0 to 10 years after opposition. Standard errors are clustered at the opposition level. The underidentification and weak identification tests are the heteroskedasticity-robust Kleibergen and Paap (2006) rk LM and Wald F statistics, respectively, as reported by the xtivreg2 Stata command (Schaffer, 2010) .
